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Agenda for Today

n What is Genome Analysis?

n What is Intelligent Genome Analysis?

n How we Analyze Genome?
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What is Data Analysis?

“The purpose of computing is [to gain] 

insight, not numbers” 

4

Richard Hamming



What is Genome Analysis?

5https://onlinelearning.hms.harvard.edu/hmx/courses/genetic-testing/ 
https://www.nature.com/subjects/genomic-analysis



What is Genome Analysis?

6https://onlinelearning.hms.harvard.edu/hmx/courses/genetic-testing/ 
https://www.nature.com/subjects/genomic-analysis



DNA Testing

7https://www.myheritage.ch/dna https://www.23andme.com/

https://www.myheritage.ch/dna
https://www.23andme.com/


Human Chromosomes (23 Pairs)
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Finding SNPs Associated with Complex Trait

Eleazar Eskin: Discovering the Causal Variants Involved in GWAS Studies, CGSI 2018, UCLA 
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SNP: single nucleotide polymorphism

computationalgenomics.bioinformatics.ucla.edu/portfolio/eleazar-eskin-discovering-the-causal-variants-involved-in-gwas-studies


Genome-Wide Association Study (GWAS)
n Detecting genetic variants associated with phenotypes 

using two groups of people.

11
Manhattan plot

variant with higher frequency in cases than controls

https://onlinelearning.hms.harvard.edu/hmx/courses/genetic-testing/ 



Similar Association Studies

12
Wainberg+, "Opportunities and challenges for transcriptome-wide 
association studies”, Nature genetics, 2019.

https://www.nature.com/articles/s41588-019-0385-z


SNPs and Personalized Medicine 

13https://opensnp.org/snps/rs12979860



Personalized Medicine for Critically Ill Infants

14Farnaes+, “Rapid whole-genome sequencing decreases infant morbidity and 
cost of hospitalization”, NPJ Genomic Medicine, 2018

n rWGS can be performed in 2-day (costly) or 5-day time to 
interpretation. 

n Diagnostic rWGS for infants
q Avoids morbidity
q Reduces hospital stay length by 6%-69%
q Reduces inpatient cost by $800,000-$2,000,000.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5884823/


Personalized Medicine in UK

15

“From 2019, all seriously ill children in UK 

will be offered whole genome sequencing 
as part of their care”



Much Larger Structural Variations!

16

AUTISM
Weiss, N Eng J Med 2008
Deletion of 593 kb

OBESITY
Walters, Nature 2010
Deletion of 593 kb

SCHIZOPHRENIA
McCarthy, Nat Genet 2009
Duplication of 593 kb

UNDERWEIGHT
Jacquemont, Nature 2011
Duplication of 593 kb

Deletion in the short arm 
of chromosome 16 (16p11.2)

Duplication in the short arm 
of chromosome 16 (16p11.2)

CNV: copy number variation



Recommended Reading

17
Ho+, "Structural variation in the sequencing era", Nature Reviews Genetics, 2020

https://www.nature.com/articles/s41576-019-0180-9


Agenda for Today

n What is Genome Analysis?

n What is Intelligent Genome Analysis?

n How we Analyze Genome?
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What is Intelligent Genome Analysis?
n Fast genome analysis

q Real-time analysis

n Using intelligent architectures
q Specialized HW with less data movement

n DNA is a valuable asset
q Controlled-access analysis

n Population-scale genome analysis
q Sequence anywhere at large scale!

n Avoiding erroneous analysis
q E.g., your father is not your father

19

Bandwidth

Energy-efficiency & 
Latency

Privacy

Scalability

Accuracy



20

Does intelligent genome 
analysis really matter?



Fast Genome Analysis?
n Fast genome analysis in mere seconds using limited 

computational resources (i.e., personal computer or small 
hardware).

21

1997 2015     



Intelligent Architecture?

22
(General Purpose) GPUs

Heterogeneous
Processors and 

Accelerators

Hybrid Main Memory

Persistent Memory/Storage

FPGAs Modern systems

?
Sequencing 

Machine
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https://nanoporetech.com/products/smidgion

https://nanoporetech.com/products/smidgion


Privacy-Preserving Genome Analysis?

24

Alser+, "Can you really anonymize the donors of genomic data in today’s digital 
world?" 10th International Workshop on Data Privacy Management (DPM), 2015.

https://link.springer.com/chapter/10.1007/978-3-319-29883-2_16


Can you Really Anonymize the Donors?

25

Alser+, "Can you really anonymize the donors of genomic data in today’s 
digital world?" 10th International Workshop on Data Privacy Management 
(DPM), 2015.

https://link.springer.com/chapter/10.1007/978-3-319-29883-2_16


Privacy-Preserving DNA Test

26https://nebula.org/whole-genome-sequencing/

https://nebula.org/whole-genome-sequencing/


Rapid Surveillance of Disease Outbreaks?

27
Quick+, “Real-time, portable genome sequencing for Ebola surveillance”, Nature, 2016

https://www.nature.com/articles/nature16996


Scalable SARS-CoV-2 Testing

28

Bloom+, "Swab-Seq: A high-throughput platform for massively scaled up SARS-
CoV-2 testing", medRxiv, 2020

https://www.medrxiv.org/content/10.1101/2020.08.04.20167874v2


Population-Scale Microbiome Profiling

29https://blog.wego.com/7-crowded-places-and-events-that-you-will-love/

https://blog.wego.com/7-crowded-places-and-events-that-you-will-love/


City-Scale Microbiome Profiling

30

Afshinnekoo+, "Geospatial Resolution of Human and 
Bacterial Diversity with City-Scale Metagenomics", Cell 
Systems, 2015

https://www.cell.com/cell-systems/pdfExtended/S2405-4712(15)00002-2


Population-Scale Microbiome Profiling

31
Danko+, "A global metagenomic map of urban microbiomes and antimicrobial resistance", Cell, 2021

https://www.cell.com/cell/fulltext/S0092-8674(21)00585-7


Plague in New York Subway System?

32



Plague in New York Subway System?
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The findings of Yersinia Pestis in the subway received wide coverage in the lay 
press, causing some alarm among New York residents

https://www.nytimes.com/2015/02/07/nyregion/bubonic-plague-in-
the-subway-system-dont-worry-about-it.html

https://www.nytimes.com/2015/02/07/nyregion/bubonic-plague-in-the-subway-system-dont-worry-about-it.html


Failure of Bioinformatics

34

Living in a microbial world
Charles Schmidt
Nature Biotechnology, volume 35, pages401–403 (2017)
https://www.nature.com/articles/nbt.3868

https://www.nature.com/articles/nbt.3868
https://www.nature.com/articles/nbt.3868


There is a critical need for fast and 
accurate genome analysis.

35



Achieving Intelligent Genome Analysis?

How and where to enable

fast, accurate, cheap, 

privacy-preserving, and exabyte scale 
analysis of genomic data?
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Genome Analysis

38

>CCTCCTCAGTGCCACCCAGCCCACTGGCAGCTCCCAAACAGGCTCTTATTAAAACACCCTGTTCCCTGCCCCTTGGAGTGAGGTGTCAAG
GACCTAAACTAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTT
CATGTCAAGGACCTAATGTGCTAAACAGCACTTTTTTGACCATTATTTTGGATCTGAAAGAAATCAAGAATAAATGAAGGACTTGATACATTG
GAAGAGGAGAGTCAAGGACCTACAGAAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAA
ACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCTGTGTTGCAGGTCTTCTTGCATTTCCCTGTCAAAAGAAAAAGAATTTAAAATTT
AAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCAGGCCAAGAGTTGCAAAAAAAAAAAAAGAAAAA
GAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTAGCCAGAATGG
TTGTGGGATGGGAGCCTCTGTGGACCGACCAGGTAGCTCTCTTTTCCACACTGTAGTCTCAAAGCTTCTTCATGTGGTTTCTCTGAGTGAAA
AAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTTTTCATGTCAAGGACC
TAATGTAGCTATACTGAACGTTATCTAGGGGAAAGATTGAAGGGGAGCTCTAAGGTCAACACACCACCACTTCCCAGAAAGCTTCTTCA……

machine can read the 
entire content of a genomeNO



Genome Analysis

39

>CCTCCTCAGTGCCACCCAGCCCACTGGCAGCTCCCAAACAGGCTCTTATTAAAACACCCTGTTCCCTGCCCCTTGGAGTGAGGTGTCAAG
GACCTAAACTAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTT
CATGTCAAGGACCTAATGTGCTAAACAGCACTTTTTTGACCATTATTTTGGATCTGAAAGAAATCAAGAATAAATGAAGGACTTGATACATTG
GAAGAGGAGAGTCAAGGACCTACAGAAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAA
ACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCTGTGTTGCAGGTCTTCTTGCATTTCCCTGTCAAAAGAAAAAGAATTTAAAATTT
AAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCAGGCCAAGAGTTGCAAAAAAAAAAAAAGAAAAA
GAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTAGCCAGAATGG
TTGTGGGATGGGAGCCTCTGTGGACCGACCAGGTAGCTCTCTTTTCCACACTGTAGTCTCAAAGCTTCTTCATGTGGTTTCTCTGAGTGAAA
AAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTTTTCATGTCAAGGACC
TAATGTAGCTATACTGAACGTTATCTAGGGGAAAGATTGAAGGGGAGCTCTAAGGTCAACACACCACCACTTCCCAGAAAGCTTCTTCA……

machine can read the 
entire content of a genomeNO

Why?!



Suggested Readings

40

https://www.nature.com/articles/nmeth.f.272

https://www.nature.com/articles/nmeth.f.272


Suggested Readings

41
https://www.nature.com/articles/nbt1486

https://www.nature.com/articles/nbt1486


Genome Sequencer is a Chopper

42

Genome 
Analysis

TATATATACGTACTAGTACGT

ACGACTTTAGTACGTACGT
TATATATACGTACTAGTACGT

ACGTACG CCCCTACGTA

ACGACTTTAGTACGTACGT
TATATATACGTACTAAAGTACGT

CCCCCCTATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT
ACG TTTTTAAAACGTA

ACGACGGGGAGTACGTACGT

44 hours

1x1012 bases

* NovaSeq 6000

*

*

GATK

<1000 $



… and more! All produce data with different properties.

Illumina MiSeq

Oxford Nanopore MinION

Pacific Biosciences RS IIIllumina NovaSeq 6000

Oxford
Nanopore 
SmidgION

High-Throughput Sequencers

43

Pacific 
Biosciences 
Sequel II

Oxford 
Nanopore 
PromethION



Oxford Nanopore Sequencers

44https://nanoporetech.com/products/comparison

MinION
Mk1B

MinION 
Mk1C GridION Mk1 PromethION 

24
PromethION

48

Read length > 2Mb > 2Mb > 2Mb > 2Mb > 2Mb

Yield per flow cell 50 Gb 50 Gb 50 Gb 220 Gb 220 Gb

Number of flow 
cells per device 1 1 5 24 48

Yield per device <50 Gb <50 Gb <250 Gb <5.2 Tb <10.5 Tb

Starting price $1,000 $4,990 $49,995 $195,455 $327,455

https://nanoporetech.com/products/comparison


Illumina Sequencers

45

Run time 9.5–19 hrs 4–24 hrs 4–55 hrs 12–30 hrs 24-48 hrs 13-44 hrs

Max. reads 
per run 4 million 25 million 25 million 400 million 1 billion 20 billion

Max. read 
length 2 × 150 bp 2 × 150 bp 2 × 300 bp 2 × 150 bp 2 × 150 bp 2 x 250

Max. output 1.2 Gb 7.5 Gb 15 Gb 120 Gb 300 Gb 6000 Gb

Estimated 
price $19,900 $49,500 $128,000 $275,000 $335,000 $985,000

https://www.illumina.com/systems/sequencing-platforms.html

https://www.illumina.com/systems/sequencing-platforms.html


How Does Illumina Machine Work?

46
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How Does Illumina Machine Work?
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TATATATACGTACTAGTACGT

ACGACTTTAGTACGTACGT
TATATATACGTACTAGTACGT

ACGTACG CCCCTACGTA

ACGACTTTAGTACGTACGT
TATATATACGTACTAAAGTACGT

CCCCCCTATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT
ACG TTTTTAAAACGTA

ACGACGGGGAGTACGTACGT

Billions of Short Reads

DNA fragment = Read



How Does Illumina Machine Work?
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TATATATACGTACTAGTACGT
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ACGTACG CCCCTACGTA

ACGACTTTAGTACGTACGT
TATATATACGTACTAAAGTACGT

CCCCCCTATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT
ACG TTTTTAAAACGTA

ACGACGGGGAGTACGTACGT

Billions of Short Reads

DNA fragment = Read

Check Illumina virtual tour:
https://emea.illumina.com/systems/sequencing-platforms/iseq/tour.html

https://emea.illumina.com/systems/sequencing-platforms/iseq/tour.html


How Does Nanopore Machine Work?

49

n Nanopore is a nano-scale hole (<20nm).
n In nanopore sequencers, an ionic current passes through the nanopores
n When the DNA strand passes through the nanopore, the sequencer 

measures the the change in current
n This change is used to identify the bases in the strand with the help of 

different electrochemical structures of the different bases

graphene 
nanopore DNA 

strand

Figure is adapted from: https://phys.org/news/2013-12-gene-sequencing-future.html

https://phys.org/news/2013-12-gene-sequencing-future.html


How Does Nanopore Machine Work?
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n Nanopore is a nano-scale hole (<20nm).
n In nanopore sequencers, an ionic current passes through the nanopores
n When the DNA strand passes through the nanopore, the sequencer 

measures the the change in current
n This change is used to identify the bases in the strand with the help of 

different electrochemical structures of the different bases

graphene 
nanopore DNA 

strand

Figure is adapted from: https://phys.org/news/2013-12-gene-sequencing-future.html

Check Nanopore virtual tour:
https://nanoporetech.com/resource-centre/minion-video

https://phys.org/news/2013-12-gene-sequencing-future.html
https://nanoporetech.com/resource-centre/minion-video


Common Disadvantages!

51

TATATATACGTACTAGTACGT

ACGACTTTAGTACGTACGT
TATATATACGTACTAGTACGT

ACGTACG CCCCTACGTA

ACGACTTTAGTACGTACGT
TATATATACGTACTAAAGTACGT

CCCCCCTATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT

TATATATACGTACTAGTACGT
ACG TTTTTAAAACGTA

ACGACGGGGAGTACGTACGT

Billions of Short Reads

Regardless the sequencing machine, 
reads still lack information about their order and location

(which part of genome they are originated from) 



Solving the Puzzle

52
https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/

Reads

Reference 
genome

https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/


HTS Sequencing Output

53

q 500-2M bp
q high error rate (~15%)

q 100-300 bp
q low error rate (~0.1%)

Large pieces of a puzzle 
long reads (ONT & PacBio)

Small pieces of a puzzle
short reads (Illumina)

Which sequencing technology is the best?

https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/

https://www.pacb.com/smrt-science/smrt-sequencing/hifi-reads-for-highly-accurate-long-read-sequencing/


HiFi Reads (PacBio)

54

Wenger+, "Accurate circular consensus long-read sequencing improves variant 
detection and assembly of a human genome", Nature Biotechnology, 2019

But still very 
expensive!

https://labs.wsu.edu/genomicscore/illumina-sequencing/
https://pacbio.gs.washington.edu/

Long: 10-20 kb
Accurate: 99.8%

https://www.nature.com/articles/s41587-019-0217-9
https://labs.wsu.edu/genomicscore/illumina-sequencing/
https://pacbio.gs.washington.edu/


HiFi Reads (PacBio)

55https://ccs.how/how-does-ccs-work.html

https://ccs.how/how-does-ccs-work.html


Changes in sequencing technologies 
can render some 

read mapping algorithms irrelevant

56



Read Mapping in 111 pages! 

57

Mohammed Alser, Jeremy Rotman, Dhrithi Deshpande, Kodi Taraszka, Huwenbo
Shi, Pelin Icer Baykal, Harry Taegyun Yang, Victor Xue, Sergey Knyazev, Benjamin D. 
Singer, Brunilda Balliu, David Koslicki, Pavel Skums, Alex Zelikovsky,
Can Alkan, Onur Mutlu, Serghei Mangul
"Technology dictates algorithms: Recent developments in read alignment" 
Genome Biology, 2021
[Source code]

In-depth analysis of 107 read mappers (1988-2020)

https://arxiv.org/abs/2003.00110
https://github.com/Mangul-Lab-USC/review_technology_dictates_algorithms


Feedback From Our Community!

58https://twitter.com/mealser/status/1435223377644503040

https://twitter.com/mealser/status/1435223377644503040


Looking forward, 
Will we be able to read 

the entire genome sequence?

59
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